14, 15, Figure 1B ). The MMP Nmp4 consensus element is embedded within both COL1A1 sites A and B in the reverse orientation ( Figure 1B ). Some Nmp4 binding sites in the MMP7 promoter contain a stretch of 7-9 A's, similar to the stretch of 9 T's in the COL1A1 consensus sequence.
In a previous study we compared the capacities of the Nmp4 isoforms 11H, 13H, 21H, and 28H, (accession numbers AF216804, AF216805, AF216806, AF216807, AB019281, see Figure 1A ) to bind to the COL1A1/MMP regulatory sequence (13) . The Nmp4 isoforms 11H, 13H, and 21H are full-length cDNAs encoding in-frame splice variants containing from 6-8 Cys 2 His 2 zinc fingers. Nmp4/11H and Nmp4/13H have eight zinc fingers whereas Nmp4/21H has six fingers, missing #4 and #5. Nmp4/28H has only the first 5 zinc fingers, is lacking the poly(QA) domain and carboxy terminus common to the other isoforms, and has an insert just before the first finger ( Figure 1A ).
Using electrophoretic mobility shift analysis (EMSA), the Nmp4 proteins 11H, 13H, and 21H exhibited binding to the COL1A1/MMP consensus site and yielded binding profiles similar to that obtained with the nuclear matrix fraction from osteoblast-like cells (13) .
However, the Nmp4/28H clone did not bind to the consensus element (13) . Nmp4/21H, therefore, is a native truncated isoform exhibiting COL1A1/MMP DNA binding.
Nmp4 proteins have an SH3-binding domain (14) that overlaps with a putative AT-hook motif (13) , another potential DNA-binding domain ( Figure 1A ). The AT-hook is characteristic of the HMGA superfamily of architectural transcription factors and can mediate binding to the minor groove of AT-rich DNA (6, 16, 17) . However, both the SH3-binding and AT-hook domains can mediate protein-protein interactions in the formation of higher-order protein complexes in the cytoplasm and nucleus, respectively (18, 19, 20) . In the amino (N)-terminal region, Nmp4 proteins also possess a serinethreonine-rich motif (amino acids 51-173), similar to transactivation domains in ITF-1, ITF-2, and Pax6 (21, 22) . Additionally, the Nmp4 isoforms include a poly (Q) motif encoded by a CAG trinucleotide repeat and a poly (QA) repeat (13, 14) . Both of these motifs have been shown to influence the transcriptional activity of other key trans-acting proteins including Cbfa1/Osf2, CA150, and the human androgen receptors (23, 24, 25) .
Here, our objective was to identify the DNA-binding and transactivation domains of the Nmp4 proteins. We observed that only three specific zinc fingers (#2, #3, and #6 of isoform 21H) were required for binding to the homopolymeric (dA:dT) COL1A1/MMP Nmp4 consensus element. Transactivation experiments revealed a sensitivity of specific transcriptional regulatory domains to their attached DBD or to their DNA-binding state consistent with the apparent multiple functions of the proteins themselves.
MATERIALS AND METHODS:

Cell culture
Human embryonic kidney 293T cells (ATCC, Rockville, MD) were maintained in DMEM (Gibco BRL) low glucose media supplemented with 100 IU/ml penicillin, 100µg/ml streptomycin, 25 µg/ml amphotericin, 2 mM L-glutamine (Gibco BRL), and 10% fetal bovine serum (FBS; Sigma). The rat osteosarcoma cells, UMR 106-01, a generous gift from Dr. Nicola Partridge (St. Louis University, St. Louis, MO) were grown as previously described (15) . All cells were maintained in humidified 95% air/5% CO 2 at 37 º C.
Preparation of full-length and deletion expression constructs
(Promega, Madison, WI). The molecular weights of the protein products were confirmed by western analysis.
Protein-DNA interactions were characterized using electrophoretic mobility shift analysis (EMSA) as previously described (15 The human MMP7 promoter, (-2,300/+30 nt, kindly provided by Dr. Lynn
Matrisian, Vanderbilt University, Nashville, TN), was subcloned into the pGL-3 Basic (Promega) using BamHI and XhoI. The sequence fidelity of the MMP7/pGL-3 construct was verified by restriction digests. To assay MMP7 activation, the Nmp4/21H or its deletion constructs in the pcDNA-3™ expression vector and the MMP7 reporter construct were used in a 1:2 µg ratio for transient transfection in 293T cells. The luciferase assay was then performed as described above.
Nuclear matrix protein isolation
Nuclear matrix proteins were extracted from UMR 106-01 cells using a sequential extraction protocol as previously described (28) .
Statistical analysis
A one-way analysis of variance (ANOVA) was used to determine the differences among groups with a predetermined p value of < 0.05 to achieve statistical significance.
Tukey's test for post hoc comparison was applied based on the ANOVA results.
RESULTS:
Zinc fingers #2, #3, and #6 mediate binding to the COL1A1/MMP consensus sequence.
The truncated Nmp4/28H isoform has an insert before the first zinc finger ( Figure   1A ). Removal of this insert failed to confer DNA binding to this isoform (data not shown). We therefore used Nmp4/21H to characterize the minimum Nmp4-COL1A1/MMP DNA binding domain because it is the shortest naturally occurring isoform that binds to these regulatory sites (13, 14) . Wild-type Nmp4/21H and derivatives were subcloned into pcDNA-3™, expressed in vitro, and characterized by EMSA using the COL1A1 site A as the probe (13, 14) .
The full-length Nmp4/21H isoform is comprised of 518 amino acids (aa), which include zinc fingers #1-#3 and #6-#8 (construct 1, Figure Identical results were obtained using COL1A1 site B (data not shown). Nmp4/28H is missing zinc finger #6 which would explain its inability to bind to the COL1A1/MMP consensus element (13) .
To determine whether the Cys 2 His 2 zinc fingers alone mediated binding to the minor groove of the AT-rich Nmp4 consensus sequence, we used EMSA in combination with distamycin and methyl green. Distamycin is used as a competitor for protein binding to the minor groove of AT-rich DNA (29) and methyl green competes for the occupation of the major groove of DNA (30) . The binding of the full-length construct of Nmp4/21H to site A of the COL1A1 promoter was sensitive to the presence of distamycin ( Figure 3A ) as previously demonstrated (13, 15) . Deletion of the AT-hook/SH3-binding domain [construct 7] did not alter the effect of distamycin on Nmp4/21H-COL1A1 binding ( Figure 3A ). The zinc finger domain alone [construct 9] exhibited the same sensitivity to distamycin as the full-length protein ( Figure 3A) . Interestingly, the fulllength Nmp4/21H construct exhibited a weak sensitivity to the same concentrations of methyl green ( Figure 3B ), yet this sensitivity was attenuated upon removal of the putative AT-hook/SH3-binding domain. Finally, DNA-binding by the zinc finger domain alone showed no sensitivity to the presence of methyl green ( Figure 3B ).
In a previous study, we used methidium-propyl EDTA (MPE) footprinting to demarcate the perimeter of the nuclear matrix extract binding activity along site A of the COL1A1 5' regulatory region (15) . Here, we used DMS interference fingerprinting to further delimit the Nmp4 protein-DNA contacts and to compare Nmp4/11H and Nmp4/21H association with this consensus element (Figure 4) . The Nmp4/11H isoform contains eight zinc fingers whereas the Nmp4/21H has six. Both the Nmp4/11H and Nmp4/21H fingerprints extended across nucleotides -3463/-3458 (Figure 4) , consistent with the MPE footprint of the nuclear matrix extract obtained in our earlier study (15) .
The sequence of the opposing strand in the area of the Nmp4 binding site contains only
Cs and T's and therefore was not suitable for methylation interference analysis (data not shown).
The N-terminus of Nmp4/21H exhibits strong transactivation capacity when tethered to the GAL4 DBD but this is masked within the context of the full-length protein.
We used Nmp4-GAL4-DBD chimeras, consisting of either the full-length Interestingly, the strong transactivation activity of the N-terminus was completely masked within the context of the full-length Nmp4/21H-GAL4-DBD chimera ( Figure 5 ).
In fact, the full-length Nmp4-GAL4-DBD chimera 
DISCUSSION:
The Nmp4 zinc finger domain serves multiple functions including DNA-binding and, as shown in our previous study, as a nuclear localization signal (NLS) and nuclear matrix targeting signal (NMTS) (31). Nmp4 proteins have 5-8 zinc fingers (13) . At least five zinc fingers (#1-5 or #4-8) are required for exclusive nuclear localization and the number and arrangement of the zinc fingers encode specific nuclear matrix "zip codes"
for these proteins (31) . The Nmp4 zinc fingers mediate association with the nuclear matrix in the absence of DNA (31), consistent with the capacity of this domain to mediate protein-protein interactions (32) . The capacity of the Cys 2 Hys 2 zinc finger domain to mediate a variety of functions in one protein is not unusual (2, 33).
In the present study, EMSA indicated that only zinc fingers #2, #3, and #6 were necessary for mediating association of the native isoform Nmp4/21H with the protein zinc fingers #1, #7, and #8 contribute to both the NLS and NMTS (31).
To our knowledge, Nmp4 is the only known Cys 2 His 2 zinc finger protein that recognizes homopolymeric (dA:dT) DNA. However, a small number of zinc finger proteins are known to bind non-homopolymeric AT-rich DNA (34) (35) (36) (37) (38) and these share some characteristics with Nmp4. The Drosophila chorion transcription factor CF2-II also uses a subset of three Cys 2 His 2 zinc fingers to associate with the minor groove of an ATrich consensus sequence (36, 39, 40) . Interestingly, CF2-II zinc finger #4, required for association with the AT-rich minor groove, exhibits a 62% homology to Nmp4 zinc finger #3. MIG1 has two Cys 2 His 2 zinc fingers that bind to a GCGGGG motif in addition to an AT-rich region 5' to this consensus sequence (41) . The MIG1 protein recognizes the unique structure of the AT-rich region, the consensus context (42), instead of the specific sequence, and mediates bending within the AT element (41) . Similarly, Nmp4
induced DNA bending upon association with the homopolymeric (dA:dT) consensus element (15) .
The Nmp4 zinc fingers may recognize the local structural contour of the COL1A1/MMP regulatory site, i.e., the rigid narrow minor groove of the homopolymeric (dA:dT) DNA instead of the sequence unambiguously presented in the major groove.
The binding of the zinc finger domain alone to the COL1A1/MMP consensus element was sensitive to distamycin, but not to methyl green, indicative of an association with the minor groove (29, 30) . Interestingly, the AT-hook/SH3-binding domain conferred weak methyl green sensitivity to the full-length Nmp4/21H protein. The AT-hook domain, as its name implies, typically binds to the narrow minor groove of AT-rich DNA (6, 16, 42, 43) , although a weak association of this domain with the DNA major groove has been observed in HMGA proteins (44) . The recognition of DNA conformation rather than the nucleotide sequences is well known in several minor groove-binding transcription factors including TATA-box-binding protein, integration host factor, SRY, LEF-1, and HMGA (45) . Upon binding, these proteins induce conformational changes in the DNA, thereby facilitating the assembly of higher order transcription enhancer complexes (45) .
The present data demonstrate that the zinc finger-mediated binding to the homopolymeric (dA:dT) consensus element has profound effects on the transactivation capacity of the Nmp4 protein domains. Tethering the Nmp4 proteins to the GAL4 DBD, thus neutralizing the effects of zinc finger association with the homopolymeric (dA:dT) consensus sequence, revealed that the N-terminus containing serine/threonine-rich domain had a strong transactivation capacity that was masked by the full-length protein.
In fact, the full-length Nmp4/21H-GAL4-DBD chimera repressed baseline transcription of the heterologous promoter. However, removal of the GAL4 DBD from the Nmp4/21H chimeras resulted in the full-length Nmp4/21H upregulating MMP7 promoter activity.
Additionally the poly[QA] domain, silent in the Nmp4/21H-GAL4-DBD chimeras, contributed significantly to this activation. The N-terminus and AT-hook/SH3-binding domains made no significant contributions to transactivation. Little to no contribution from the Nmp4 C-terminus was required for upregulating MMP7 promoter activity.
Together these data reveal that the Nmp4 proteins are comprised of modular domains whose isolated activities are dependent on the attached DBD. The homopolymeric (dA:dT) consensus site appears to contain information that is interpreted by the bound Nmp4 proteins. Nmp4 stimulates all tested MMP genes to similar degrees (14, and this study). Under physiological conditions, Nmp4 may act synergistically with other transcription factors resulting in higher stimulation of a natural promoter.
Allosteric control of transcription, i.e., the sensitivity of some transcriptional regulatory domains to their attached DBD or to their DNA-binding state is emerging as a significant governing mechanism in gene expression (46) (47) (48) . Like Nmp4, the nuclear matrix transcription factors YY1 and Osf2/Cbfa1 both contain separable activation domains that function differently when tethered to a heterologous promoter by the GAL4 DBD as opposed to binding to their native consensus elements (25, 49) . The three activation domains of Osf2/Cbfa1, AD1, AD2, and AD3, all contributed to transcriptional activation in the context of the native DBD. However, when attached to the GAL4 DBD in a heterologous system, only AD3 functioned independently while AD1, AD2, and the full-length protein, all were silenced (25) . Additional examples of these context-specific transcription factors include USF2 (50), serum-response factor (SRF) (51) , and ATF2 (52) . These kinds of allosteric effects can have significant physiological consequences.
Recent evidence demonstrates that the allosteric effect on Pit-1 binding to the growth hormone promoter, in combination with other DNA binding factors, mediates Pit-1 activation of growth hormone expression in somatotropes, but repression in lactotropes (46) . A similar phenomenon could contribute to the observed Nmp4-mediated repression of collagen in some osteoblast-like cells and activation in others (13, 53) .
The present data, as well as earlier studies, support our hypothesis that Nmp4
proteins recognize a structural consensus context within the homopolymeric (dA:dT)
sites, and that in turn, these AT-rich elements contain information that is interpreted by these proteins. The allosteric effects of the AT-rich DNA on the Nmp4 proteins may vary with slight differences in DNA sequence, and therefore structure, as well as with each specific Nmp4 isoform, of which there are many. This allows the Nmp4-DNA interactions to generate the pattern of regulation that is gene-and cell-type specific.
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